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Abstract

This work aims at exploring two applications of Raman spectroscopy in the development
and manufacturing of pharmaceutical tablets made from amorphous solid dispersions (ASDs), in

terms of both physical and chemical properties.

The first application consisted on applying Raman spectroscopy to predict the tablets’ hard-
ness. In contrast to typical destructive hardness testing, this strategy can be implemented as at-
line and real-time process control via process analytical technology and thus provide real-time
release during continuous manufacturing. This is investigated here for the first time for tablets
composed of ASDs rather than crystalline-based formulations using a Confocal Raman Micro-
scope. The generated data show an apparent relationship between the measured hardness and
the Raman spectra baseline, consistent with previous findings in the literature. However, a more
stringent analysis leads to the conclusion that the trend line is not strictly monotonic and with a

slope across the measured range comparable to the variability of the Raman imaging analysis.

The second application consisted on exploring the potential of confocal Raman microscopy
to provide spatially resolved chemical images of the tablets’ surface, which allows to characterize
the components spatial distribution. The goal was to evaluate the impact of two process param-
eters: blending shear rate and sieving mesh size. These parameters were investigated using a
structured 2-level design of experiments where Confocal Raman microscopy allowed the evalu-
ation of the spatial distribution and the detection of APl agglomerates and its relationship with the
process parameters. However, the analysis was hindered by a lack of a perfectly flat surface of
the tablets and to correct the influence of the change in focus on the Raman spectra, post-pro-
cessing scripts were implemented. It is shown that there is an impact of both process parameters
on the heterogeneity of tablets’ surface and, consequentially, a significant impact in disintegration
of the tablets.

Keywords: Confocal Raman Imaging, Pharmaceutical Technology, Process Develop-
ment, Continuous Manufacturing

Xl






Resumo

Este trabalho tem como objetivo perceber o potencial da espectroscopia de Raman para
a caracterizacdo de propriedades fisicas e quimicas de comprimidos produzidos a partir de uma

disperséo sélida amorfa durante o desenvolvimento e produgdo dos mesmos.

O primeiro estudo consiste na aplicacdo da espectroscopia de Raman na medi¢éo da du-
reza de comprimidos. Esta técnica pode ser utilizada em linha e permite o controlo do processo
em tempo real, permitindo a libertagéo de lotes em tempo real durante producado continua. Este
€ o primeiro estudo que utiliza um microscépio confocal de Raman para caracterizar a dureza de
comprimidos feitos por dispersdes soélidas amorfas em vez de formula¢des baseadas em formas
cristalinas. Os resultados sdo comparaveis a literatura existente, pois mostram uma possivel
relacdo entre a dureza medida por testes destrutivos e a linha de base do espectro de Raman.
No entanto, o declive da linha de tendéncia tem um valor muito baixo e comparavel a variabili-

dade dos dados da mesma experiéncia.

O segundo caso de estudo consiste em perceber o potencial da microscopia confocal de
Raman para caracterizar a distribuicao espacial dos componentes a superficie dos comprimidos.
O objetivo é avaliar o impacto da agitacdo da mistura e do tamanho do peneiro na homogenei-
dade dos comprimidos. Para isso, foi planeado um desenho de experiéncias no qual ambos os
parametros foram variados a dois niveis e a distribuicdo espacial dos componentes foi avaliada
usando a microscopia confocal de Raman. Nao sendo a superficie dos comprimidos perfeita-
mente plana, foi necessario tratar os dados obtidos para corrigir a influéncia dos problemas de
foco. Os resultados mostraram que ambos os pardmetros de processo tém impacto na hetero-
geneidade da superficie dos comprimidos e consequentemente tém impacto na desintegracao

dos mesmos.

Palavras-chave: Microscopia Confocal de Raman, Tecnologia Farmacéutica, Desenvol-

vimento de Processo, Producdo Continua
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Introduction

1.1 Motivation

In the pharmaceutical industry there has been an increasing interest in continuous manu-
facturing (CM) since it is a more productive and safer production method. Continuous manufac-
turing also enables better quality control of the final products. An example of this interest is the
Novartis-MIT Center for Continuous Manufacturing, as the center develops new technologies to
replace the pharmaceutical industry’s conventional batch-based system with a continuous man-
ufacturing process [1]. The CM also enables higher yields and productivity due to reduced non-
productive down-time and reduced cycle time by avoiding vessel heat-up or cooldown times or
downtime associated with charging and emptying of materials. These advantages together with
the increased energy efficiency and reduced solvent consumption lead to a higher economic via-
bility. Additionally, CM can provide added safety as it can prevent cross-contamination once there

is no need to transfer the intermediate products between the unit operations.

One such application of continuous manufacturing in the pharmaceutical industry has been
the downstream processing of pharmaceutical powders into a final dosage form such as an oral
tablet. In tableting manufacturing, production starts when the crystalline or amorphous active
pharmaceutical ingredient (API) system is sieved and blended with excipients, depending on the
final product application. The excipients can have many applications such as API stabilization,
flowability enhancement [2], disintegration, solubility and bioavailability enrichment [3], [4]. The
overview of the unitary operation involved in the production of a pharmaceutical tablet is pre-
sented in Figure 1.1 [5], [6]. Often, after tableting, the oral dosage forms are coated for aesthetic
purposes or to enhance the performance of the tablets for a specific application, for example

enteric coating [7].



Sieving Mixing > Granulation

!

Drying
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Y

Tableting == Coating

Figure 1.1 - Schematic Representation of Tablets' Production (The figure was adapted from [6])

For pharmaceutical drugs in the development pipeline which exhibit poor water solubility,
a solubility enhancement platform is often necessary to ensure the drug’s bioavailability. Formu-
lating the APl as an amorphous solid dispersion (ASD) is one of the most popular and effective
solubility enhancement approaches. The ASD is based on the integration of an amorphous drug
in a glassy polymer matrix. ASDs can be produced using hot melt extrusion resulting in a extru-
date or by solvent evaporation, typically by spray drying resulting in a spray-dried dispersion
(SDD) [8].

Process Analytical Technology

Every development step requires quality control and the control is usually performed by
destructive methods that also need sample preparation as assay, bulk and content uniformity [9].
For CM to be viable, however, there must be a real-time quality control. It can be provided by
continuously monitoring via process analytical technology (PAT) which is able to make real-time

adjustments to maintain the quality parameters of both intermediate and final products [10].

Jukka has defined process analytical technology as: a system for developing and imple-
menting new efficient tools for use during pharmaceutical development, manufacturing for quality

assurance while maintaining or improving the current level of product quality assurance [11].

The regulatory agencies have encouraged the pharmaceutical industries to apply PAT tools
to improve the quality assurance in continuous manufacturing. For example, the European Med-
icines Agency (EMA) established a PAT team in 2003 [12] and the Food and Drug Administration
(FDA) issued “Process Analytical Technology - Guidance for Industry” on September 2004 which
highlights PAT to have appropriate in-process quality control while manufacturing [13]. The Q8,
Q9, Q10 and Q11 guidelines published by International Conference on Harmonization (ICH) [12],
[14], [15] and “Good Manufacturing Practice”: Annex 15 and 17 by EMA are good examples of

the absent of specific regulatory barriers to continuous manufacturing [14].

The interest in using Raman Spectroscopy for quality assurance in pharmaceutical industries has

also been increasing, with multiple examples of successful integration into real-time release test-



ing, continuous manufacturing and statistical process control [12], [16]. Raman Spectroscopy al-
lows non-destructive rapid analysis as it needs minimal or no sample preparation. This technique
can be used in real-time process control since it provides high throughput for quality assurance
[5],[12], [17], [18]. The potential of Raman spectroscopy as a PAT have been studied for chem-
ical identification and quantification [18]-[20] and counterfeit analysis [21]. Raman has been de-
scribed as a suitable technique to predict tablets physical properties [5], [15], [22]-[24] and to
assure quality of coated tablets (e.g. coating thickness) [17], [25], [26]. Additionally, applications
of Raman spectroscopy on quantification of amorphous conversion and phase separation have
been described. This is a great advantage for ASDs’ quality assurance, since the long-term sta-
bility of ASDs might be impaired by the recrystallization and/or amorphous phase separation
(APS) [27]. Also, it is important given that a phase change of an API could impact in chemical and

physical stability, shell life and bio-performance of the drug [18], [28].

In summary, the application of Raman spectroscopy and microscopy have been increased
and the implementation of these techniques have occurred at different stages of drug discovery
and development [29]. These techniques have been described as suitable for advanced charac-
terization in terms of chemical identification, pre-formulation screening, spatial component distri-

bution and counterfeit identification [30].

Considering the previous described applications and advantages of Raman spectroscopy
and microscopy, this work aims at exploring the potentialities of Raman imaging to characterize
final oral dosage forms (i.e. tablets), produced from ASDs in terms of physical and chemical prop-
erties. In terms of physical properties, Raman imaging will be applied to understand if there is a
feasible correlation between Raman signal and tablets’ hardness. Regarding the chemical char-
acterization, Raman microscopy will be applied as an advanced technique to provide spatially
resolved chemical maps. These chemical maps will provide information on spatial component

distribution and assess possible heterogeneity at a micro-scale.

1.2 Raman Spectroscopy

The basic principal of Raman Spectroscopy is the Raman scattering, where a substance
is irradiated with monochromatic light. The inelastic scattering of electromagnetic radiation by this
substance, with a different frequency of the incident beam, is detected. The differences between
the frequencies of these radiations result in characteristic Raman shifts [11], [16]. Raman scat-
tering can be explained according to classical theory [31]-[33]. The molecule is irradiated by the
external electric field (E) which is distorting the electron distribution of the molecule and inducing
an electric dipole moment (). The proportionality constant is the molecular polarizability (a) which
represents the ability of an external field to disturb the electron density of the sample from its

equilibrium configuration.



f=aE (1.1)

The scattered photons can either gain (anti-Stokes scattering) or lose (Stokes scattering)
energy from the molecules within the sample (Figure 1.2 [32], [33]. Both the scattered photons

energies and the transitions’ intensities provide the identification of the present molecules [34].

Raman Stokes

Incident Laser Scattering: E < E,
=
W Rayleigh Scattering
/VW E=E

% Raman Anti-Stokes

Scattering: E > E,

Figure 1.2 — Schematic Representation of Raman Scattering

The probability of Raman scattering occurring is 1:107 scattering events. The Raman signal
is weak when compared to emission techniques for which the probability is 1:10 photons and to
near-infrared (NIR) spectroscopy that has a probability of 1:10° photons [34]. The Rayleigh scat-
tering has a probability of about 10-% in 1 m of air, since the majority of scattered photons are
elastic scattered [32], [34]. Comparing the two types of Raman scattering, the Stokes scattering
is the most commonly represented in the Raman spectrum, since the anti-Stokes bands are less
intense. This can be explained by the population of molecules present in the vibrational level v=1
being less than in the v=0. The population of molecules in each vibrational level is related to the
energy between them (AE) by the Boltzmann distribution (Eq. (1.2)) [34].

Nv 1 _AE)

T = e (T 12

When compared to infrared (IR) spectroscopy, the disadvantages of Raman spectroscopy
are the low probability of the Raman scattering and the fact that asymmetrical functional groups
with a large dipole moment do not yield strong signals [33], [35]. However, this can also be seen
as an advantage, since this is the reason why Raman yield very low water signals [33], [35] and
thus it allows the sensibility for analyzing aqueous solutions. This is an advantage of Raman
spectroscopy since it can be applied to follow reactions [36] and dissolutions [8], and to analyze
biological cells [9]. Additionally, Raman is a better tool for polymorphic forms characterization,
when compared to IR or NIR spectroscopy, since the vibrations originating from the crystal lattice
(phonons) and from the carbon backbone yield much stronger signals in Raman. Also, the major-
ity of the relevant information about solid-state is presented in low wavenumber region, which is

easily accessible by Raman [33].

The first evidence of Raman Scattering was discovered by Chandrasekhra Venkata Raman
in 1928. The energy source was the sunlight, a telescope was the collector and he detected this
effect with his vision [32]. However, Raman Spectroscopy started to be a routine technique only

after both the laser became a usual source of monochromatic electromagnetic radiation and the



commercially availability of dispersive laser Raman spectrometer, in 1969 [33], [37], [38]. In that
time, photomultiplier tubes (PMTs) were used as point detectors. These detectors were only sen-
sitive for a narrow range of wavelengths and the exit slit of the spectrometer selected this range.
Then, in the 1970s and 1980s, the PMTs were replaced by charge-coupled devices (CCDs), en-

abling the detection of 1000 channels at the same time [33].

Since then, Raman spectroscopy has evolved with some advanced techniques [29], [39],
such as: Fourier Transform Raman Scattering (FT-Raman) [40], [41], Resonance Raman Scat-
tering (RR) [31], Surface-Enhanced Raman Scattering (SERS) [42] and Coherent Anti-Stokes
Raman Scattering (CARS) [43]. The combination of some of these advanced techniques had
been widely used in pharmaceutical context (e.g.: FT-Raman combined with SERS (FT-SERS),
RR combined with SERS (SERRS)). The development of Raman spectroscopy continued, and
this technique started to be combined with optical microscopes [31]-[33], [39], being this subject

of great relevance to the present work.

1.3 Raman Microscopy

Raman spectrometers and microscopes have evolved with the advancements in photonics
and optoelectronics, and the need for more information rather than the physical and chemical
information leaded the way to Raman Microscopy [29]. This term corresponds to the combination
of Raman Spectroscopy with an optical microscope, which was first developed in the 1990s. A
great advantage of this combination is to use a microscope objective lens which provides higher

collection efficiency due to the high numerical aperture (NA) [33].

Regarding the microscopy field, several techniques are used to characterize particle size,
particle size distribution and morphology. The combination of microscopy with spectroscopy pro-
vides both spatial and chemical information on the ingredients within a formulation. This enables
analyses such as sample homogeneity [30], [44], spatial distribution [19], [45], [46] and stability
of the sample after exposed at high temperature and high humidity conditions [33], [47].

1.4 Confocal Raman Microscopy

The increase of nanotechnology and biotechnology applications leaded to the interest of
studying systems that are at the micro and nanoscale. This interest has contributed to the creation
of mechanisms of great resolution [39]. The need for spectroscopic techniques to evolve in this

way is continuously increasing [37], [42].

Confocal Raman microscopy information has been described to provide essential infor-
mation during pharmaceutical development in terms of drug substance design and development
of liquid and solid formulations. This technique is also an important tool to assure process quality
control as well [33]. The concept of confocal imaging was patented by Marvin Minsky, in 1957

[48] and a schematic representation of this mechanism is showed in Figure 1.3.
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Figure 1.3 - Schematic Representation of Confocal Raman Microscopy (The figure was based on
figures provided by [33], [39])

In confocal Raman microscopy (CRM), the light (usually a laser) is focused onto the sample
with the microscope objective lens. The backscattered light is refocused onto a pinhole aperture
before reaching the detector. The small pinhole aperture blocks the background and out-of-focus
light which do not correspond to the focal plane. The Raman signal detected by the spectrometer
is dispersed using a CCD camera to generate the spectra. The sample stage is able to move the
sample while performing the analyses, which enables analyses of two-dimensional images [33],
[39]. Thus, confocal Raman microscopy provides high lateral and depth resolution, since the scat-
tered light from above and below the focal plane does not contribute to the produced image [29],
[33], [39]. Therefore, as CRM can axially discriminate signals originating from selective depth,
images in depth can be performed (e.g. component distribution along different layers) [29]. The
resolution varies between 1 and 100 um. With this range of spatial resolution, large area scans
can be performed and entire tablets can be characterized [33], and powder inhalation formulations

with particle size below 10 microns can also be characterized.

The most common application of this tool is imaging of solid dosage forms to prove content
uniformity [45] and study solid state [49]. Additionally, CRM can detect solid state changes in the
API at the surface of the tablet, at least due to high temperature, humidity and mechanical stress.
Concentrations below 1 %(w/w) are detectable and polymorphic impurities of only 0.05 %(w/w)
were already described [19], [50]. In the amorphous solid dispersions field, CRM were found to
evaluate phase separation [27], as well as to follow the release mechanisms of a poorly soluble

drug from amorphous solid dispersions [8].

Considering these advantages, confocal Raman microscopy will be used in the present
work to assess on the spatial distribution of compounds within tablets made from amorphous solid

dispersions.



1.4.1 Critical Parameters

With the purpose of obtaining comparable results, the limitations of the equipment must be
considered. Also, all the parameters that influence those limitations and can be controlled have
to be set before the analyses. Parameters such as laser wavelength and laser power, spatial and
temporal resolution are inherent to all Raman apparatuses [33]. Additionally, focus plane is an

important parameter to consider while using a confocal Raman microscope [34].
Laser Wavelength and Laser Power

The irradiating laser wavelength and laser power must be chosen carefully. When a shorter
wavelength is chosen, the sample can heat up when absorbing energy. Also, the sample can
suffer decomposition, polymorph conversion or sample burning [33], [51]. The probability of sam-
ple heating is higher for smallest spot size (e.g. using a microprobe). This effect usually is a major
problem for colored and highly absorbing species, or for small particles with lower heat transfer.
These events can be observed either as changes in the Raman spectrum over time or by visual

damage of the sample. [51]

Fluorescence is other possible effect to occur if the laser excitation wavelength overlaps
with an absorption band of a fluorescent compound. This effect is usually observed as a broad
sloping background underlying the Raman spectrum. Thus, fluorescence causes an increase in
the baseline, which masks the peaks in the spectra and can also reduce the SNR [51], [52]. The
fluorescence occurrence depends on the sample that is studied. A possible way to reduce this
effect is to either use longer wavelengths excitation sources such as 785 nm or 1064 nm or reduce
the intensity of the laser by reducing the laser power that is applied to the sample. However,
Raman signal is proportional to (v, — v,,)*, when v, is the wavenumber of the excitation laser and
v, is the wavenumber of the vibrational mode. Thus, for longer wavelengths, the fluorescence is
less probable to happen, but also Raman signals are weaker when compared to shorter wave-
lengths [51]. Thus, the optimum laser power which maximize SNR, minimize black-body radiation
and has not a significant fluorescence effect must be assessed [33]. The higher signal-to-noise
ratio should be found by balancing fluorescence rejection, signal strength, and detector response
[51].

Spatial Resolution

The spatial resolution corresponds to the size of the irradiated volume [34]. The resolution
and the collection efficiency of the microscope are defined by the numerical aperture (NA) of the
objective lens. Thus, the NA must be maximized, and this can be achieved with objectives with
short working distance. However, to evaluate solid dosage forms such as tablets, objectives with
long working distance are required (for example: 10x lens and 20x lens) [33]. The theoretical
resolution limit of a microscope can be determined by the Abbe equation (Eqg. (1.3)), which cal-

culates the diffraction limited spot size [34].
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Raman microscopes usually have spatial resolutions below 1 pum [33], [39]. The micro-
scope used in this work is a confocal Raman microscope equipped with a 532 nm laser wave-
length. So, if a 100x objective lens with a NA of 0.9 would be used the limit spatial resolution

would correspond to 296 nm.

The result provided by equipment is an averaged spectrum of the probe size. For example,
in the microscope used in this work, if a 20x lens is used, the probe size is around 15 pm and for
the 100x objective the probe size is ca. 3 um. Thus, the step size between points should be
smaller than the smallest spot size to perform an image scan. [53]. However, care must be taken
while choosing the spatial resolution, to guarantee a resolved image but at the same time avoid

overlapped spectra.

Another important parameter to determine is the image spatial resolution which corre-
sponds to the quotient between image size and the number of points analyzed. For example, if
an image of 1000 um x 1000 um size is analyzed by Raman microscopy with a large area scan
of 200 x 200 points, the spatial image resolution is 5 um. From this point forward, image spatial

resolution will be called spatial resolution.
Temporal Resolution

With the purpose of maximizing the data signal quality, there are two additional parameters
that must be set to use in all experiments: the acquisition time and the number of acquisitions of
a spectrum. A spectrum is acquired during a certain acquisition time and a defined number of
spectra are combined in an averaged spectrum. The acquisition time and the quality of the result-
ant spectra are directly correlated [33]. Lower accumulation time leads to a lower axial resolution,

lower quality of the spectra and consequentially to blocky image [30].

In an industrial environment, the interest is to perform results as fast as possible. Thus, a
compromise must be taken between these two parameters, to perform good results, measured

by the signal-to-noise ratio (SNR), and fast results, depending on the timelines imposed.
Focus Plane

In this work, Confocal Raman Microscopy is used as an imaging technique. When using
this type of confocal apparatuses, the Raman signal will be properly yield just in focused samples,
as mentioned before. The sample in-focus and out-of-focus has different relative intensities of
Raman peaks and this difference is a multiplicative factor, since the entire spectrum is affected
in the same way [34]. Thus, the focus plane is an important parameter to be considered [33] and
has been study by HeleSicova et al. [30]. The middle focus level was found to be the most suitable

position, since the most part of the sample area was focused, reflecting in the quality of Raman



maps. Also, if cross-sections are analyzed, the roughness is important to be considered and flat

surfaces are preferred [30].

All these parameters should be considered while defining the analysis methodology, to
obtain the higher data quality with the optimal analysis parameters using a confocal Raman mi-

croscope.

1.5 Hardness Characterization

The crushing strength is one of the critical quality attributes of final dosage forms such as
tablets. This parameter has been determined using mechanical methods as diametral compres-
sion test, where an increasing force is applied on opposite sides of a tablet until crushing is ob-
tained [54]. Currently, tablets’ hardness is measured by destructive methods and there is a need

to develop non-destructive and in-line methodologies.

The use of Raman spectroscopy to predict physical properties of tablets, such as crushing
strength (i.e. hardness), friability, porosity and density has been studied in the literature [5], [15],
[22]-[24].

Wang et al. described the variation of Raman intensity with the variation of tableting pres-
sure, i.e. compression force divided by cross sectional area of tablets. Raman intensity decreased
with the increase of tableting pressure until reached a plateau after ca. 350 MPa of tableting
pressure [55]. In 2012, Heigl et al. supported this result, detecting an attenuated Raman scatter-
ing, for higher values of the tablets’ hardness [24]. Contrarily, Virtanen et al. also used Raman
spectroscopy to determine tablet’s crushing strength and noticed an increase of the spectra base-

line with the increasing of crushing strength [23].

In terms of tablets’ density, Johansson et al. investigated the effect of tablet’s density on
the Raman assessment. The tablets’ compression force was varied, and Raman spectroscopic
analyses were performed using different irradiation patterns: point, circle and area irradiation. The

results showed no significant effect of tablet’s density on the Raman shifts intensities [22].

In 2006, a prediction model for pharmaceutical properties such as hardness and porosity,
using directly raw data from Raman spectroscopy was successfully developed by Shah et al. [5].
However, recent studies were carried out by Peeters et al. (2016) to evaluate the impact of varying
granulation parameters in physical properties of tablets (tensile strength, friability, porosity and
disintegration time). In this study, the physical properties could not be predicted either by Raman

or NIR spectroscopy [15].

Considering the previous literature, inconsistent results had been obtained for the predic-
tion of physical properties by Raman spectroscopy. This discrepancy has been explained by dif-

ferences in methodology, setup used and formulations studied.



The interest in obtaining a prediction model for tablet hardness by spectroscopy techniques
continues, since currently tablet’s hardness is determined by destructive methods that cannot be
applied in-line, during continuous manufacturing. Also, the previous literature had only studied
formulation made from crystalline APIs. Thus, this study aims at studying a possible correlation
between Raman spectra and tablets’ hardness produced from ASDs. Additionally, a confocal

Raman microscope will be used.

1.6 Spatial Component Distribution

During pharmaceutical development, the interaction between the APl and excipients is an
important factor to be considered while testing several formulations. Thus, this interaction must
be assessed in early stages of formulation design to move forward to oral dosage form production,
with less risk of failure. Additionally, the variation of process parameters can influence the perfor-
mance of the final product. Thus, advanced characterization is required to investigate the impact

of these variations in the formulations.

Confocal Raman microscopy has been described as a suitable technique for advanced
characterization since it provides high lateral and depth resolution [9]. CRM has been described
to provide information on homogeneity of a sample, solid state of a component and the distribution

of ingredients within a final drug product, such as tablets [33].

Breitenbach et al., in 1999, described confocal Raman spectroscopy as an analytical ap-
proach to solid dispersions and mapping of drugs. In this study, Raman was proved to determine
the amorphous state of ibuprofen in a solid dispersion and to characterize the homogeneity of the
drug within a extrudate tablet [44]. Confocal Raman spectroscopy were employed by Scoutaris
et al. to map the distribution on the surface of paracetamol tablets produced by direct compres-
sion, both qualitatively and quantitatively [46]. Also, Henson and Zhang exhibited the spatial API
distribution of low content pharmaceutical tablets and presented this distribution in two ways:
chemical images and histograms with the content distribution. Three forms of API were detected

and spatially identified [19].

A more detailed description of the influence of different acquisition settings and the focus
adjustment on Raman spectral maps of pharmaceutical tablets using CRM was described by
HeleSicova et al. The conclusions were that both CRM is a suitable technique to perform homo-
geneity studies and the type of analysis is the parameter that has the most influence on the quality

of resultant images [30].

In terms of process parameters variation, Sasi¢ compared spatial distribution of the five
components of tablets from batches produced by two different methods: for one batch all the
components were blended and then granulated and for the second batch, two excipients were
added after granulation of the previously blend. Also, univariate and multivariate analysis meth-

ods were tested and compared [56].
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Confocal Raman microscopy was also applied to characterize the spatial distribution of
compounds in other final products such as extrudates. Kann et al. evaluated the spatial compo-
nent distribution of a two-component formulation produced by hot melt extrusion at the surface
and at one cross-section of the extrudate with CRM [45]. Qian et al. has applied CRM to charac-
terize extrudates on horizontal planes that were between 100 and 200 pm underneath the sur-
face. In this study, Raman, in contrast to DSC or XRPD, was able to detect differences in homo-

geneity within the samples, which had contributed to differences during the stability tests [47].

CRM was also described as a suitable technique to follow dissolution performance.
Puncochova et al. exhibited the potential of this technique to obtain chemical images of tablets
made from two different amorphous solid dispersions during dissolution both at surface and at a

depth of around 20 pm [8].

Considering the previous literature, Confocal Raman microscopy has been described to
have a wide range of applications. The most described application is the characterization of spa-
tial component distribution to assess the interactions of compounds within formulations. However,
CRM has also been used to investigate problems that occurred during stability test. These prob-

lems impacted the performance of the final product, due to heterogeneity within the samples [47].

The present study aims at characterizing spatial component distribution of tablets made
from ASDs produced with different sieving and blending process parameters using confocal Ra-

man microscopy.

1.7 Spectral Analysis

Confocal Raman Microscopy is an imaging technique since it provides chemical maps of
the sample. Thus, a Raman spectrum is obtained for each point of the analyzed area. These
spectra have to be compared to evaluate differences between the spatial points. So, hyperspec-
tral data sets (i.e. data sets where spectral information is assigned to specific X, y, z coordinates)
are generated. These data sets can be evaluated either by univariate or multivariate methods
[34].

In order to perform univariate methods, a distinguishable and preferably strong band rep-
resentative of the component to be studied is required [34]. Examples of univariate methods are
single band intensity, bandwidth or integral. This approach is the most commonly used since it is
the simplest and most directly method to produce images with chemical information about one
compound within the mixture [46]. Additionally, three important considerations must be taken
when using univariate methods. One is that the chosen vibrational band cannot be overlapped by
the other compounds within the formulation [56]. The second one is that the studied compound
cannot be present at a low concentration [46]. Finally, it is necessary to assure that the resultant
image has not the contribution of unrelated intensities provided by sample focus or roughness

[34]. The last condition can be satisfied by the normalization by the spectrum baseline, since the
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focus affects all wavenumber of the spectrum in the same way (i.e. multiplicative factor), as men-

tioned in sub-chapter 1.4.1.

Bivariate analysis is simple as well and are commonly applied using ratios of two compo-
nents within the sample. This method can provide also the normalization step, since the unrelated

intensities do not has an impact in the relative intensities [34].

Scilab is a suitable numerical software to perform both univariate and bivariate analysis,
with simple scripts that can be developed and applied for all formulations, whenever a selective
band of the compound to be studied is found. In the present work, post-processing scripts were

developed and implemented to perform univariate methods.

1.8 Main Objectives and Dissertation Summary

This work aims at exploring two applications of Raman spectroscopy in the development
and manufacturing of pharmaceutical tablets made from amorphous solid dispersions (ASDs), in
terms of both physical and chemical properties. Hence, this work is divided in two major areas of
study. The first one has the aim of studying the potentialities of Raman spectroscopy as process
analytical technology to predict and measure the tablets’ crushing strength with a possible appli-
cation to continuous manufacturing. The second one aims to evaluate the ability of Raman mi-
croscopy as an advanced characterization technique to assess the API spatial distribution on
tablets produced from ASDs with different process parameters: sieving mesh size and blending
shear rate. For the second study, post-processing scripts were implemented both to obtain the

variation of API percentage for each tablet and to correct the focus problems.
This dissertation is divided in five main chapters:

Chapter 1 presents an introduction about Raman spectroscopy and microscopy, previous
works developed in the field of Raman spectroscopy and microscopy applied in the pharmaceu-

tical industry.

Chapter 2 is the description of materials and methods used to perform the results obtained

in this work.

Chapter 3 exhibits the results obtained during this investigation and its discussion com-
pared with previous work presented in literature whenever possible. This chapter shows the re-
sults, of the two case-studies: 1) Hardness Characterization by Raman imaging and 2) Spatial
component distribution by confocal Raman microscopy and the impact of heterogeneity at a mi-

cro-scale in the performance of the final product.

In chapter 4 the conclusions of this work and the possible development in future work are

presented.

The appendix presents the amorphous solid dispersion characterization.
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Materials and Methods

2.1 Materials

Itraconazole was supplied by Capot Chemical Co., Ltd., China. The polymer hydroxypropyl
methylcellulose Acetate Succinate (HPMCAS) used to produce the ASD was AQOAT® grade MG
(Shin-Etsu Chemical Co., Ltd., Japan). The excipients used in formulation were hydroxypropyl
methylcellulose (HPMC) (Methocel® E5, Dow Chemical, Europe), monohydrated lactose (Tab-
lettose® 80, MEGGLE Group Wasserburg, Germany), fumed silica (Cab-O-Sil®, Cabot Corpora-
tion, USA), croscarmellose sodium (Ac-Di-Sol®, IMCD, Portugal) and magnesium stearate

(Merck, Germany).
2.2 SDD Preparation

A SDD was produced, following a procedure that had already been done in the past with
some modifications [57]. The formulation was produced at 40 wt.% Itraconazole load with HPM-
CAS MG. A solution of ITZ and HPMCAS MG was prepared with 10 wt.% solids concentration in
a mixture of dichloromethane (DCM) and methanol (MeOH) (80:20). For this experiment, a BUCHI

Mini Spray Dryer B-290 was used and the conditions of spray drying are described next.

A two-fluid nozzle with 0.7 mm orifice and 1.5 mm cap was used and the spray drying was
performed in closed loop with nitrogen as drying gas. The flow rate of atomization was set to 0.76
Kg/h, to obtain an atomization of 38 mm. Spray dryer was stabilized with nitrogen and then with
the solvent mixture of DCM and MeOH, without solids to ensure a stable inlet and outlet temper-
ature. The outlet temperature (Tout) Was set to 40 + 1 °C to guarantee an effective drying. To
achieve the Tou, the inlet temperature (Tin) must be set around 62°C and the condenser temper-
ature (Tcond) -5 °C. The feed flow rate was set to 32% in the peristaltic pump, which is equivalent

to 11.5 mL/min approximately. The dried powder was collected with a high-performance cyclone.
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In order to remove any residual solvents, a post-drying step was performed in a vacuum
drying oven Vaciotem-TV (JP Selecta, SA., Barcelona). The operation occurred at a temperature
of 40 °C, under vacuum at approximately 0.2 bar, and with nitrogen sweep, for approximately 8
hours. After that, a thermogravimetric analysis (TGA) was performed to ensure the effective dry-

ing of the powder.

2.3 Blend and Tablet Preparation

In Table 2.1, the formulations used in this work are presented.

Table 2.1 - Formulations

Components % (w/w) Formulation | Formulation Il
Spray Dried Dispersion 60.00 56.84
HPMC 20.00 18.95
Monohydrated Lactose 13.50 12.79
Fumed Silica 1.00 0.95
Croscarmellose Sodium 5.00 10.00
Magnesium Stearate 0.50 0.47
Drug load (%) 24.00 22.74

The aim of this work is to analyze tablets with different process parameters, following two
designs of experiments (DoE). The blend preparation was different for each design and the pro-
cedure is explained for all the designs.

2.3.1 DoE I - Hardness Characterization

In order to understand tablets hardness and its influence in the Raman spectra baseline,
different compaction forces were applied to produce the final dosage forms (all other blend pro-
cess parameters were maintained constant). The formulation used to perform this mixture was
formulation I, described in Table 2.1. The SDD was sieved through a sieve with apertures of 850
pm and the excipients were sieved through a mesh size of 800 um. The mixture was performed
ina TURBULA® T2F, System Schatz., for 2 minutes and with 46 rotations per minute (rpm). After
that, the magnesium stearate was added, and the mixture was blended again, this time for 1

minute with 22 rpm.

Round and flat faced tablets were produced with a diameter of 12 mm with a PMS M press
ST-8. The weight of the tablets was 400 mg. The physical mixture was compressed to obtain
seven different crushing strengths: 10, 40, 70, 105, 135, 170 and 190 N.
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2.3.2 DoE Il - Spatial Component Distribution

For this study, five different experiments were produced with different process parameters:
sieving and blending. The mesh size used in the SDD sieving was varied in two levels. The blend-
ing shear rate of the mixture, before adding the magnesium stearate, was also varied in two
levels. The blending shear rate was defined as the rotation speed, maintaining 100 rotations in

total. A central point of the two parameters was studied as well.

These parameters were varied between 600 and 2000 um mesh size and 22 and 96 rpm.
The central point tested was prepared at 46 rpm and the mesh size was 1000 um (Figure 2.1). In
all the experiments of this design, formulation Il was used, and all the excipients were sieved
through a mesh size of 800 um. The mixture obtained after adding the magnesium stearate was

blended for 1 minute at 22 rpm, in all experiments.

Round and flat faced tablets with 340 mg and a diameter of 10 mm were compressed using
a PMS M press ST-8 to obtain a crushing strength of 80 N.

Blend Shear Rate (rpm)

[
Mesh Size (um)

Figure 2.1 - Design of Experiments for Heterogeneity Studies

2.4 SDD Analytical Characterization
Thermogravimetric analysis (TGA)

To guarantee the effectiveness of the post-drying step, a TGA was executed in a TGA 550
from TA Instruments (USA). Two samples were tested, since the post-drying step occurs in two
different trays. The samples weighted 21.0712 and 21.9662 mg and were heated at 10°C/min

rate until reach 350°C.
Differential Scanning Calorimetry (DSC)

To determine the glass transition temperature of the sample of the SDD, a modulate DSC
(mDSC) analysis was performed in DSC 250 (TA Instruments, USA). The sample with 5.653 mg,

placed in a pinhole hermetic pan, was equilibrated at 25°C. The purge gas was nitrogen and the
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flow rate was set to 50 mL/min. Afterwards, a modulated heating ramp was performed to 350°C,

at a heating rate of 3°C/min, using an amplitude of 0.48°C at every 60 seconds.
Particle Size Distribution

The particle size of spray dried dispersion of ITZ was analyzed by laser diffraction in a
SYMPATEC, Sympatec Inc., USA, following the USP requirements [58]. The dried powder was
sampled in a proper vial for the purpose. Then, the dispensing unit RODOS/M applied a pressure
of 3 bar at a feed velocity of 18 mm/s and a laser diffraction sensor HELOS measured the sample

within a range of 0.5 pum to 350 um.
X-Ray Powder Diffraction (XRPD)

In order to assure that SDD was in amorphous form, a XRPD analysis was performed,
mimicking a previous work, with an Empyrean Alpha 1 X-ray diffraction system (Malvern PANa-
Iytical, Netherlands) with Reflection Transmission Spinner configuration. A ceramic diffraction X-
ray tube made of anode material, Cu (A = 1.54 A) was used and operated at a voltage of 45 kV
and a current of 40 mA. The scan range was set between 3.00 and 40.00°. The sample was
analyzed with a step size of 0.0167° at a time per step of 59.690 seconds. The total time of data

acquisition was 18 minutes, approximately.

2.5 Final Dosage Form Characterization by Raman Imaging

For all the experiments presented in this master thesis, a Confocal Raman Microscope
Alpha 300 RA, from WITec equipped with a laser of 532 nm wavelength was used. The laser

power was set to 10 mW and the integration time was 1 second, for all the experiments.

2.5.1 Choice of General Analysis Parameters

With the aim of assuring quality in Raman spectroscopy, the parameters to perform the
analysis were chosen carefully. The signal-to-noise ratio(SNR) was assessed, since it measures
directly the quality of the resultant spectra data [33], [59]. A Scilab script was developed to deter-
mine the SNR of all the samples studied. To determine the SNR of spectra data, both test and
blank samples were considered. The noise was determined by the standard deviation of the blank
measurements. The signal is the difference between the intensity of the test sample and the in-

tensity of the blank sample for the peak of interest [59], [60].
Laser Power

As mentioned before in sub-chapter 1.4.1, laser power is an important parameter to be
defined. Thus, in this work, three laser powers were studied: 10, 15 and 20 mW and the resultant
fluorescence were compared between these experiments. Fluorescence background is a major
problem when performing Raman spectroscopy, due to the low cross section of Raman scatter-

ing. Relative to the Raman signal the fluorescence background can be up to 108 times stronger
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[34]. By fitting a polynomial of an order high enough to describe the slow varying fluorescence
spectra, but not the sharp Raman peaks. Subtracting this polynomial from the spectra will remove
or at least reduce the influence of fluorescence and yield only the Raman peaks. A first order
polynomial function was thus fitted to all spectra data and the fluorescence was measured as the
slope of the fitting curve. As can be seen in Figure 2.2, the fluorescence can be reduced with the
reduction of the laser power.

Effect of Laser Power in Fluorescence
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Figure 2.2 - Effect of Laser Power in Fluorescence
Since raw data is going to be directly used to obtain the results, it is imperative to choose
a laser power to minimize fluorescence and, on other hand, maximize the SNR. Consequently,
10 mW was the value of laser power chosen to this method development and all the experiments

were done maintaining this parameter constant.
Temporal Resolution

To study the impact of acquisition time in the resultant spectra, the SNR was studied for
the same position in a sample, using as acquisition times 0.5, 0.8 and 1.5 seconds, maintaining
the number of acquisitions constant. Complementarily, the influence of number of acquired spec-
tra was evaluated, testing 10, 20 and 50 acquisitions for each acquisition time. Figure 2.3 and
Figure 2.4 show this influence, respectively. A trend line was then determined for each experi-
ment. The figures show the SNR as function of acquisition time and as function of the number of
accumulations. The slope of the trend lines can give an information about the influence of these
parameters. The acquisition time is the parameter that has the greatest influence in the quality of
the signal [33] and this can be verified by the higher slope of the trend line, compared to the trend

line of Figure 2.4.
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Effect of Acquisition Time in SNR
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Figure 2.3 - SNR as function of acquisition time
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Figure 2.4 - Variation of SNR as function of number of acquisitions
Other way to notice this difference between the impacts of these two parameters is to rep-
resent the SNR as function of total acquisition time, calculated as the acquisition time multiplied
by the number of acquired spectra. As can be seen in Figure 2.5, the SNR obtained with 10
spectra of 1.5 seconds each is higher than for the SNR obtained with 20 spectra of 0.8 seconds
each.

For the present work, the integration time was set as 1 second, considering the SNR ob-
tained and the time to perform all type of analysis: single point and large area scan. The number

of accumulations was set as 10 for single point analysis.
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Effect of Total Acquisition Time in SNR
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Figure 2.5 - Effect of Total Acquisition Time in Signal Quality
Focus Plane

In this work, a confocal Raman microscope was used as an imaging technique and as
previously mentioned in sub-chapter 1.4.1, the signal will be properly yield only in focused sam-
ples. Figure 2.6 shows how the same sample in-focus and out-of-focus has different relative in-
tensities of Raman peaks. As can be seen in Figure 2.6, the quotient between the signal of sample
in-focus and out-of-focus is a constant function and thus the difference between the two signals
is explained by a multiplicative factor [34].

Influence of Focus in Raman Spectra
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Figure 2.6 - Influence of focus in Raman spectra (sample in-focus: orange; sample out-of-focus:
green; signal subtraction: yellow; quotient between the signals: blue)

Since the focus plane is an important parameter to be considered [33], the tablets used in
this study were produced to have a flatted surface. However, they are composed by porous ma-
terials, which cause some roughness. So, the ideal focus plane was not at the surface, but be-
neath the surface to overpass the top rough surface, as described already in the literature [30].

The apparatus enables analyses beneath the surface up to -100 um Z plan. The analyses were
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performed at surface and beneath the surface at -20 um Z plan since the tablets were made of

opaque material.

In summary, the analysis type is always set according to the material under study. For the
first case-study, single point analysis was performed. On the other hand, for the second case-
study, large area scan analyses were performed, with different spatial resolutions and different

depth focal planes.

In this master thesis, all data was processed by univariate methods with Scilab scripts,

developed during the study.

2.5.2 Hardness Characterization

To explore the Raman potentialities as a PAT to measure the hardness of tablets, tablets
of seven different crushing strengths were analyzed to understand if there was a feasible corre-
lation between the spectra baseline and the tablets crushing strength. Similar studies using Ra-

man spectroscopy were already described in chapter 1.5.

For each crushing strength, three different tablets were analyzed with single point mode in
CRM to better simulate the analyses in continuous manufacturing. Each tablet was analyzed in
five equidistant points (Figure 2.7) and the result was one single spectrum for each point, obtained
with 10x objective lens, at a laser power of 10.0 mW. The spectra were obtained with an integra-

tion time of 1 s and 10 accumulations per point.

Figure 2.7 - Representation of Raman Analysis in five points
Afterwards, an average of the five points was performed and one spectrum was obtained
for each tablet. A software for numerical computation, Scilab, was used to analyze the Raman
spectra. A Scilab script was developed to determine the area under the spectra in four different

bands, represented with orange color in Figure 2.8.
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Raman Bands Analyzed
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Figure 2.8 - Analyzed bands in the Raman spectrum
The spectral bands between wavenumber 326 and 744 (rel. cm-1), and 3374 and 3658 (rel.
cm-?) represent only the baseline of the spectrum since no peaks appear in these bands. The two
bands were analyzed to understand if the fluorescence effect was impacting on the baseline dif-
ferences. The spectral band between wavenumber 1516 and 1759 (rel. cm™) is the selective API
peak correspondent band and the spectral band between 2771 and 3179 (rel. cm-t) corresponds

to HPMC AS: the polymer used to produce the amorphous solid dispersion.

The areas of the spectral bands were compared for both the seven different experiments
and the three tablets within the same experiment to evaluate the variability between and within
the experiments, respectively. Then, the average of each spectral band area for each experiment
was plotted as function of the crushing strength to determine if there was a correlation between
these two parameters.

2.5.3 Spatial Component Distribution
This work aims at exploring the potentialities of Raman microscopy as an advanced char-

acterization technique to evaluate the spatial component distribution within tablets.

Five different experiments were produced with different process parameters: sieving and
blending. Each tablet was analyzed with Raman in three adjacent areas with the same size (6000
x 2000 um) and same spatial resolution (50 um). The center of each area was: the middle of the
tablet (0, 0) um, the top of the tablet (0, 2000) um and the bottom (0, -2000) um. These areas
cover ca. 46 % of the tablet area and are represented in Figure 2.9. Raman analyses with these
conditions were performed in triplicate for each experiment and the total time of analysis for one
tablet is 4 hours. Then, to obtain a more resolved image, a Raman analysis was performed in the
center of the tablet with a smaller size (1000 x 1000 um), and greater spatial resolution (5 pm).
Since this analysis takes 11 hours to be executed, just one tablet was evaluated in these condi-

tions, for each experiment.
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Spectra were obtained with the 10x objective lens, a laser power of 10.0 mW and an inte-
gration time of 1s, for the both spatial resolutions analyses.

Zoom In

1 mm
200 pts.

Figure 2.9 - Representation of Raman Analysis (50 um and 5 um of spatial resolution)

Additional analyses were performed to understand the API distribution beneath the surface
of the tablets, which is the ideal focus plane, as previously mentioned. Spectra were obtained
with the same conditions as for the greater resolution area, but in a Z plane of -20 um. For each
experiment, only one tablet was evaluated under these conditions, given the necessary time to
perform an analysis (11 hours).

CRM provides a spectrum for each point within an analyzed image. To easily interpret the
spectral information given by the apparatus, a Scilab script was implemented to evaluate the
spatial API distribution within the image.

Data Processing by Scilab
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Figure 2.10 - Schematic Representation of Data Processing by Scilab
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Following the schematic representation in Figure 2.10, delta (8) represents the subtraction
between the total area of a selective API peak (i.e. Peak Area (P)) and the baseline area (B)
within the same integration limit. With the aim of correcting focus problems, & was divided by the
baseline area (B) and a 6/B was obtained for each point within the image. Next, this calculation
was performed also for the Raman spectrum of the pure compound and a &/B of the pure com-
pound (8/B pure) was obtained. Afterwards, the 8/B of each point within the image was compared
to the d/B pure, to determine the API percentage of each spatial point of the image. The baseline
is used as the reference for the focus plane, since the sample in-focus and out-of-focus have

different relative intensities of Raman as explained in chapter 2.5.

After this normalization, the average of API percentage in the image was determined. The
averaged percentage was subtracted from the API percentage in each point to represent the
variation of API percentage relative to the average. The variation of API percentage is presented

as a variation of color in the chemical maps of the tablets.

2.6 Hardness Analysis

The hardness of the tablets was measured as crushing strength tested in a Manual Tablet
Hardness Tester HT1 (SOTAX AG, Switzerland).

2.7 Disintegration Analysis

The disintegration was performed in a Disintegration Tester ZT 320 Series (ERWEKA, Ger-
many), following the US Pharmacopeia (USP) [61]. The tablets were placed in the tubes of the
basket and a disk was added. The apparatus operated using a solution of HCI (0.1 N) as the

immersion fluid, maintaining its temperature at 37 + 1°.
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Results and Discussion

The present work has the aim of linking process, product and performance, with Confocal
Raman Microscopy, since critical process and formulation factors can greatly impact the quality
and performance of pharmaceutical final products [5].

This study is divided in two major areas: 1) hardness characterization and 2) spatial com-
ponent distribution. In the first one, compaction force was varied to obtain a range of tablet’s
crushing strength and to evaluate the impact on the Raman signal obtained. The aim of this case-
study was to understand if a feasible correlation exists between tablets’ hardness and Raman
spectra. For the second study, a DoE was defined where sieving mesh size and blending shear
rate were varied aiming to obtain differences in API distribution within the tablet which were quan-
tified with Raman imaging. The impact of heterogeneity at a micro-scale on the performance of
the final drug product was also assessed. The results of each case-study are shown and dis-
cussed in this chapter.

3.1 Hardness Characterization

In a continuous process, tablets are produced on a high-speed rotary tablet press [62]
continuously fed by in-line blenders which mix API or spray dried material with tableting excipients
enabling a large throughput and a variable production volume [15]. However, tablets quality con-
trol often requires destructive methods such as diametral compression test, disintegration and/or
dissolution [15], [23], [54] , which are performed on periodic time-points or at the end of the pro-
duction. This can lead to production challenges when a process deviation occurs which is only
detected later during Quality Control and can jeopardize the entire production since the last Qual-

ity Control time point, leading to production delays and material costs.

To overcome these challenges, spectroscopy techniques have been proposed as process
analytical technologies to predict tablets’ physical properties such as mechanical strength (hard-
ness), friability, porosity and density which enable in-built quality control and real time release [5],

[15], [22]-[24]. Furthermore, Raman spectroscopy has the advantage of being highly sensitive to
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changes in the molecular structure and thus the spectra are influenced by both chemical and
physical factors [55].

The aim of this study is to investigate whether the tablets’ mechanical strength can be
reliably measured by Raman spectroscopy for tablets containing amorphous solid dispersions as
has been previously suggested for tablets containing of crystalline API [23], [24], [55]. As a case-
study, the manufactured ITZ:HPMCAS SDD (sub-chapter 2.2), was used to manufacture tablets
with seven different crushing strengths from 10 to 190 N by varying the compression force. Alt-
hough a Raman probe, rather than a confocal Raman microscope, would be more appropriate for
such a measurement, since it would typically measure the spectra of the whole tablet surface
[64], tablets were evaluated in five points. To study the influence of the tablets’ crushing strength
in the baseline of the Raman spectra, an average of the spectra of these five points was done,
for each tablet. Then, an averaged spectrum was obtained with the previously explained condi-
tions (sub-chapter 2.5.2) for each experiment (triplicate trials). The averaged spectrum of the first
tablet of each experiment is presented in Figure 3.1. The response within a spectral band selec-
tive of the API peak is shown in Figure 3.2.

Influence of Crushing Strength in Raman Spectrum Baseline
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Figure 3.1 - Influence of Crushing Strength in Raman Spectrum Baseline
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Influence of Crushing Strength in Raman Spectrum Baseline

530

520 Crushing Strength
A 10 N
‘© 510
a) 40 N
O
€ 500 ——70N
2
2 \ —— 105N
c
£ M e

480 170 N

— 190 N
470
1560 1580 1600 1620 1640 1660 1680

Wavenumber (Rel. cm-1)

Figure 3.2 - Influence of Crushing Strength in Raman Spectrum Baseline: selective API peak area.

The data do appear to confirm that there is an impact of the tablets’ hardness on the Raman
spectra baseline for the amorphous-based tablets similarly to what was reported in the literature
for crystalline-based tablets. However, the impact on the spectra appears to have two regimes:
from 10N to 40N the baseline decreases, but from 135 N to 170N the baseline increases. Re-
markably, even for crystalline-based tablets both behaviors have been reported. On the one hand
Wang et al. and Heigl et al. [24], [55], reported a baseline decrease with the hardness, but on the
other hand Virtanen et al. [23] reported baseline increase with the hardness. Noticeably, in the
literature the authors have focused on the qualitative response rather than presenting quantitative
data which is necessary to understand if there is a feasible correlation between Raman spectrum
baseline and the tablets’ crushing strength. The area under the analyzed bands was determined
and the crushing strength was evaluated by the diametral compression test, for each tablet. Fig-
ure 3.3 presents the area under the band between 3374 and 3658 (rel. cm-) as function of the

crushing strength determined by the destructive test.
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Raman Spectra Baseline vs Crushing Strength
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Figure 3.3 - Influence of Crushing Strength in a Spectral Band Area

The equivalent intensity of the spectral band varies between 500 and 520 (CCD cts.). The
average area of the spectral band is not strictly monotonic with the crushing strength and the
variability of the Raman imaging analysis is comparable to the change in average spectral area
for the measured crushing strength range. This variability is much greater for the experiment of
lower crushing strength possibly due to the higher roughness of the tablets of this experiment,
when compared to the higher levels of crushing strength. The variability between all the experi-
ments can also be explained by sub-sampling, since in this study just five points were analyzed.
A larger surface area of the tablet should had been analyzed, which would substantially lower the

assessment error, as previously described by Johansson et al. [22].

The influence of tablets’ hardness in Raman signal was reported to depend on the setup
used and formulation studied, given that spectroscopic techniques can yield different results due
to spatial variations and inhomogeneities of the sample [22], [23]. Hence, a possible explanation
of the results can be the formulation used in this study, since tablets composed of amorphous
solid dispersions were analyzed. As far as the literature is concerned, no author has reported the

influence of tablets’ hardness in Raman signal, for tablets produced from ASDs.

In this work, a confocal Raman microscope was used. As explained in chapter 1.4, with
this technique the scattered light from different spots not included in the focal plane does not
contribute to the produced image [29], [33], [39]. If a large area of the tablet had been analyzed,
Raman signal could possibly be influenced by variations in surface roughness. An increase in
tableting compaction force increases the tablets’ hardness [63] and reduces the tablets’ surface
roughness [64]. Thus, surface roughness would probably be a good parameter to indirectly infer
tablets’ hardness [23].
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Even though the methodology studied did not result in a predictive model for tablets’ hard-
ness characterization, CRM was proved to evaluate the stability during processing of the amor-
phous solid dispersion within this design space. The ASD analytical characterization provided by
complementary analytical methods is described in Appendix A. For this formulation, the APl main-
tained its amorphous form in the range of compaction forces studied (Figure 3.4), as previously
described for other formulation during the tablet manufacturing for a wide range of compression
forces [18]. By the previous literature, it is known that ITZ amorphous content within tablets has
been also assessed by Raman spectroscopy [49] and the conversion of polymorphs forms has
already been described using micro-Raman spectroscopy [66].

Comparison Between Raman Spectra
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Figure 3.4 - Comparison between Raman spectra: crystalline API (orange), ASD (blue), Crushing
Strength of 10 N (grey) and Crushing Strength of 190 N (yellow).

In conclusion, a predictive model of Raman spectroscopy to measure tablet’s crushing
strength was not achieved. However, these results were obtained for a single pharmaceutical
formulation and using solely a confocal Raman microscope which has a narrow field of view. This
has the disadvantage of requiring a large number of single point measurements for the average
to be representative of the spectrum of the entire surface of the tablet. Nevertheless, the obser-
vations that (i) the average change in the Raman spectra baseline is small even for an order of
magnitude change in mechanical strength and (ii) that the relation between the two is not mono-

tonic may carry over for whole surface measurements.

3.2 Impact of Sieving and Blending on the Spatial Component Distribution

During formulation development, it is important to investigate the interactions between the
API and the excipients within the range of formulations studied, as well as their distribution within
atablet. To testthese parameters, formulations are tested in terms of blend homogeneity by bulk

uniformity analysis [65] and after tableting, the final drug product is tested by content uniformity
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[66] to assess on heterogeneity between tablets from the same batch [66]. Tablets are also tested

in terms of performance by disintegration [61] and dissolution tests [28].

These techniques can only assess heterogeneity at a macro-scale since the response of
bulk uniformity analysis is based on different resultant API concentration in different points of the
mixture [62]. Content uniformity analysis is based on the comparison of the assay of individual
tablets of the same batch. Thus, this technique cannot assess on the agglomeration of com-
pounds when the assay is constant for all tablets of the same batch. On the other hand, the
heterogeneity at a micro-scale was shown to impact the performance of the final products [47].
So, it is necessary to evaluate the heterogeneity at a micro-scale by characterizing the spatial
components distribution within the final product. Confocal Raman microscopy is a suitable tech-
nique for this evaluation, given that it can provide spatially highly-resolved chemical maps [9].
CRM has been described as an adequate tool to provide information on homogeneity of tablets

and the distribution of ingredients within a formulation down to the inter-particle mixing [33].

This study aims to evaluate the API spatial distribution using CRM. For that, a structured
2-level design of experiments with an additional central point was performed, giving a total of five
experiments. Two important process parameters that impact in the homogeneity of the final prod-
uct were varied. The first parameter was the sieving mesh size during sieving step which is known
to break-down agglomerates [67]. The second one was the blending shear rate. The shear rate
is measured as the velocity at which layers move past each other [68]. In this study, blending
shear rate was varied as the rotation speed to perform the mixing using for all the experiments
flasks with the same volume. The number of vessel rotations was kept constant for all the exper-
iments.

The five experiments were evaluated by CRM, as described in sub-chapter 2.5.3. The re-
sult of each point in the spatial dimension is a Raman spectrum. A Scilab script was developed
to interpret the variations of the spectra between the spatial coordinates and to correct focus
issues. The script (explained in sub-chapter 2.5.3) was developed to determine the variation of
the API selective peak, within the analyzed spatial area. The variation of APl was normalized by

the average of API percentage.

The result is a two-dimensional image of the tablet, where the API variation is represented
by color variation. In the color bar, the green color represents no variation of API relative to the
average. The maximum value is represented as red and the minimum value corresponds to blue.
The first one corresponds to 25 percent above the average and the second corresponds to 25

percent below the average.

First, the results for the tablets analyzed by large area scan with 50 um spatial resolution
at the surface are presented for the five experiments in triplicate. The image size is 6000 x 6000
um, as it represents the three adjacent areas evaluated for each tablet (see Fig 2.9 for detailed

explanation). Each point within the image represents 50 pm.
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Figure 3.5 - APl distribution within the tablet (50 um spatial resolution): experiment three independ-
ent tablet analysis
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Figure 3.6 - APl distribution within the tablet (50 um spatial resolution): experiment 2 three inde-
pendent tablet analysis
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Figure 3.7 - API distribution within the tablet (50 um spatial resolution): experiment 3 three inde-
pendent tablet analysis
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Figure 3.8 - API distribution within the tablet (50 pm spatial resolution): experiment 4 three inde-
pendent tablet analysis
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Figure 3.9 - API distribution within the tablet (50 pm spatial resolution): experiment 5 three inde-
pendent tablet analysis

The above figures (Fig 3.5 to 3.9) describe the spatial distribution of API. The APl seems
to not be homogeneous within all the images, since in some images, an accumulation of red spots
is seen (for example Fig 3.8, first image: in the lower end, a band of red spots is detected, corre-
sponding to an accumulation of API). Interestingly, some tablets showed APl accumulation near
the borders of the images. Since this analysis is performed at the surface of the tablets a possible
explanation for these results can be the differences between focus planes. As explained before,
in this work, a confocal Raman microscope was used and with this methodology, just the points
within the focal plane yield good Raman signals. It is difficult to ensure that the points within a
large area of a tablet’s rough surface are all in the same focal plane. A way of confirming whether
this heterogeneity is due to different focus plans or, in fact, attributed to sample heterogeneity,
would be to perform the analysis in a middle focus plane (i.e. a few micrometers under the sur-
face), as already described by HeleSicova et al. [30] or if a longitudinal section of the tablets had
been evaluated.

Possible surface phenomena such as sticking (i.e. material transfer onto the surface of the
tablet punch) during tableting process [69] and accumulation of powder at the surface can have
been addressed by Raman. This issue could have been solved if a longitudinal section of the
tablets had been evaluated. Another possible solution could be the application of a complemen-
tary technique that can address surface properties. Applying this solution would provide the char-
acterization of the surface regarding topography and hardness. Combining these techniques with
chemical information would give a full characterization of the final product. Previous authors has
successfully implemented the combination of Raman microscopy with optical profilometry [45]

and with atomic force microscopy (AFM) [70] to characterize different drug delivery systems.

The information provided by the chemical maps can also be presented by histograms, as
described by the previous literature [19], [26]. A histogram representing a normal distribution with

small standard deviation would correspond to homogeneity within the sample.

Next, the histograms corresponding to the above chemical maps are presented (Figure

3.10). The histogram represents the number of points within the image that corresponds to each
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value of API percentage variation. This variation goes from 25 percent below the average of API

percentage to 25 percent above the average.
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Figure 3.10 - Histograms of API distribution within the tablet (50 um spatial resolution). The experi-
ments 1, 2, 3, 4 and 5 are represented with the correspondent numbers.

The above histograms present a unimodal distribution, which can indicate the absence of
heterogeneity at a macro-scale. In general, the histograms mode is near to zero (i.e. no variation
relative to the average of API percentage). This can show that most points within the image cor-
responds to the average of API percentage. If the histogram’s mode is located at lower or higher
values of API percentage it can mean that there is absence or accumulation of APl in the chemical
map, respectively. These differences can happen in cases of heterogeneity at a macro-scale in
which the API content of tablets varies in the same batch. Specifically, the first tablet of the fourth
experiment is presented as a broad distribution. The histogram’s mode is located at lower values
of API percentage indicating the possible absence of API. This can be verified by the chemical

map, as the most part of the image is blue colored.

In a global view, the distribution presented in histograms indicates the absence of hetero-
geneity at a macro-scale. There was evidence of possible heterogeneity at a micro-scale. How-
ever, the heterogeneity at this spatial resolution at the surface can be possible explained by focus

issues, as explained above.

To obtain more information about heterogeneity at a micro-scale, it is important to evaluate
possible agglomerates at the scale of the SDD particles. The SDD’s particle size is ca. 5 pm. So,
a greater spatial resolution (5 um) was studied at the surface of the tablets and the results are
presented next (Figure 3.11) for the five experiments. The color bar is the same as presented

before and the variation of API percentage is between 25% less and 25% more than the average.
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Figure 3.11 — APl distribution within the tablet, evaluated with 5 um of spatial resolution, at the sur-
face of the tablet (Experiments 1, 2, 3, 4 and 5 are represented with the correspondent numbers)

For the images above, at the range of the SDD particle size, the accumulation zones
detected previously (as accumulation of red spots) are not seen. Since each point analyzed in
this area corresponds to the size of an SDD particle, a full distribution of color should be seen
corresponding to the percentage of APl within the tablet (~22.7%). As seen for the wider distribu-
tion (50 um) the evidence of heterogeneity at the surface can be influenced by surface issues. A
Confocal Raman Microscope was used and thus the surface of the tablet must be perfectly flat.
That could not be achieved, since the tablets were made of a porous material. Therefore, Raman
analyses were performed beneath the surface to ensure that the quality of the data was not influ-
enced by different focus planes and to not assess the possible effects of the surface. So, the
samples were focused at a Z plane under the surface of the tablet at -20 pm in depth. This depth
was chosen considering a previous work in which good chemical images of the tablets were ob-
tained with this methodology [8]. A spatial resolution of 5 pum was evaluated and the results are

presented in Figure 3.12.

API Distribution within the Tablet API Distribution within the Tablet API Distribution within the Tablet

BT T 2 b~ o o Variation of AP1 %

34



API Distribution within the Tablet API Distribution within the Tablet

= RS w2 S S g > Variation of AP1 %

Figure 3.12 — APl distribution within the tablet, evaluated with 5 um of spatial resolution beneath
the surface (Experiments 1, 2, 3, 4 and 5 are represented with the correspondent numbers)

The images obtained at -20 um in depth are smoother than the ones obtained at the sur-
face, thus overcoming the focus issue. These results prove that the Z plane evaluated can influ-
ence the results provided by CRM, as previously studied by other authors [30], [33].Additionally,
histograms representing the variation of API percentage for the experiments with greater spatial
resolution both at surface and under the surface are presented in Figure 3.13 and in Figure 3.14,
respectively. Experiments performed under the surface presented a narrow distribution compared
to the ones performed at the surface. This indicates higher level of homogeneity and corroborate

the influence of focus planes studied in the obtained chemical maps.
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Figure 3.13 - Histogram of AP1% Variation at Figure 3.14 - Histogram of AP1% Variation un-
surface (Res. 5 um) der the surface (Res. 5 pym)

The Figure 3.12 shows that tablets from experiments 3, 4 and 5 did not show clusters at
this spatial resolution. These experiments were produced from mixtures blended at 46 and 96
rpm and this indicates that for higher blending rotation speed, the mixtures seem to have a more
homogeneous distribution, which is commonly obtained since higher blending shear induces ho-
mogeneity of the blended sample [71].

The experiments 1 and 2 showed clusters at the scale of 400 um for the first experiment

and at the scale of 200 um for the second one. The tablets from these experiments were produced
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from mixtures blended at lower rotation speed (22 rpm). So, for lower rotation speed the homo-
geneity of the produced tablets decreases. This result was also expected since commonly for
higher blending shear the result is better homogeneity of the blended sample [71]. Counter-intui-
tively, this result indicates that for higher mesh size (experiment 2) smaller agglomerates are
obtained (200 pm compared to 400 pum). This effect was not expected since the sieving step is
performed to ensure the absence of agglomerates. Thus, for smaller sieving mesh size, the tab-
lets would be expected to show more homogeneous distribution, since this step is known to break-

down agglomerates [67].

A possible explanation of this result could be the sieving method used during production.
For the smaller mesh size (600 um) the powder had to be forced to pass through the sieving
mesh opening to perform the sieving step. Contrarily, for the larger mesh size (2000 pm) it was
not necessary to force the powder against the mesh, since it flowed freely. This procedure could
had induced agglomeration at the scale of the mesh opening size instead of sieving the powder
for the first experiment. However, this result could not be compared with previous literature given
that, to our knowledge, no author has reported a similar study in which sieving parameters were
varied and the final product was studied by confocal Raman microscopy. In order to prove this
theory, an additional batch could have been performed with the same conditions of the first ex-
periment, but with the sieving step performed by vibrational techniques to avoid compressing the

blend against the sieve mesh.

Additionally, the first experiment (600 pm of mesh size and 22 rpm of rotation speed)
showed a broad distribution when compared to the other four experiments (Figure 3.14). This is
another evidence of non-homogeneous spatial distribution at this resolution. From a previous
work of Qian et al., it is known that heterogeneity can be complementarily described by histograms

and broader distribution corresponds to lower homogeneity [47].

In summary, chemical maps of the tablets under the surface showed possible agglomera-
tion at a micro-scale (between 200 and 400 um). This phenomenon was more evident for tablets
made from formulations blended at a lower rotation speed (experiments 1 and 2). Larger agglom-
erates were found for a smaller mesh size. However, these results cannot be conclusive due to
the small analyzed area (1000 pm x 1000 pm). Additional analysis under the surface could be
performed in a larger area to ensure the representativeness of the sample. To understand the
impact of forcing the powder to pass through the mesh, an additional batch could be performed

with the sieving step executed by vibrational techniques.

Although agglomeration was detected by confocal Raman microscopy, it is important to
understand if the agglomeration at a micro-scale can impact the performance of the final product.
Thus, disintegration tests were conducted as surrogate for tablet performance. The test was per-

formed in duplicate and the disintegration time for each experiment is shown in Table 3.1.
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Table 3.1 - Disintegration time (in minutes) for tablets with different process parameters.

Sieving Mesh Size (um)
600 1000 2000
22 8.50 6.07

46 7.72

Blending Rotation
Speed (rpm)

96 14.40 9.92

The disintegration time seems to increase with the decrease of the sieving mesh size, when
the blending shear rate is maintained constant. Apart from the DoE central point, experiments 2
and 5 show decreased disintegration times (9.92 and 6.07 minutes, respectively) when compared
to experiments 1 and 4 (14.40 and 8.50 minutes, respectively). This might indicate that for the
formulation under study a higher mesh size could be beneficial for enhanced performance. Taking
into consideration the spatial distribution of the components (Fig. 3.12 and 3.14) lower disintegra-
tion times are attributed to better spatial distribution: experiments 1 and 4 show the lowest homo-
geneity regarding spatial distribution of the APl and the higher disintegration times (taking into
account only the variation in mesh size). Although intriguing, when comparing rotation speed
(keeping mesh size constant), an increase does not lead to an improvement in performance,
although an improvement in spatial distribution is detected (Fig 3.14). This might indicate that, for
the formulation in study, the impact of mesh size outranges the modification in rotation speed,
since better disintegration times are detected for higher mesh sizes. Supporting this finding, a
decrease in rotation speed sided by an increase in mesh size (experiment 3) lead to better disin-
tegration times.

Future work concerns additional disintegration trials to enlarge the statistical relevance of
this study. The faster the disintegration time, the faster the APl becomes available. To evaluate
the effectiveness of faster disintegration times, dissolution tests should also be conducted in the

future to test the impact of faster disintegration times on API release.
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Conclusions and Future Work

In terms of hardness characterization, the results showed an apparent relationship be-
tween the Raman spectra baseline and the measured crushing strength which was consistent
with previous studies reported in the literature. However, quantitative analysis showed that the
trend line was not monotonic, contrarily to the previous reports. Additionally, the slope of the trend
line was comparable to the variability within the same experiment. However, these results were
obtained for tablets produced from a formulation based on ASDs: a first-time study. The great
variability within the same experiment could be explained by the single-point analysis. Future
work concerns additional analyses performed by large area scans of the tablets’ surface to ensure
the representativeness of the entire sample and minimize the variability within the same experi-

ment.

Even though the methodology studied in this work did not yield a predictive model for tab-
lets’ hardness characterization, confocal Raman microscopy was shown to be able to evaluate
the sample stability during tableting. For this formulation, the APl maintained its amorphous form

in the range of compaction forces studied.

Concerning the spatial distribution characterization, the analysis performed with higher
spatial resolution and at a few micrometers under the surface was the most suitable methodology
to assess spatially resolved chemical maps. This methodology was not influenced by differences
between focus planes and do not assess possible surface phenomena such as sticking and ac-
cumulation of powder at the surface. The blending shear rate and the sieving mesh size was
described to impact in the distribution of components. Counter-intuitively, clusters at the scale of
400 um were obtained for smaller mesh size. Although this effect was not expected a possible
explanation could be the fact that for the smaller mesh size the powder had to be forced to pass
through the mesh. This procedure could had induced agglomeration at the scale of the mesh size

instead of sieving the powder for this experiment. However, this result could not be compared
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with previous literature since no author has reported a similar study in which sieving parameters
were varied and the final product was studied by confocal Raman microscopy. Future work con-
cerns the evaluation of larger areas to guarantee the representativeness of the present results.
On the other hand, an additional batch could have been performed with the same conditions of
the first experiment, but with the sieving step performed by vibrational techniques to assess on

the possible explanation given.

Lastly, the process parameters seem to have an impact on the performance of the tablets.
The tablets that contained agglomerates at the micro-scale presented better performance results
compared to the ones that showed a homogeneous distribution of compounds. However, these
results were not conclusive since the performance tests were only conducted in duplicate. Addi-
tional disintegration trials should be performed to enlarge the statistical relevance of this study.
To complement the performance characterization of the final product, dissolution in bio-relevant

media should be conducted in future developments.

In conclusion, confocal Raman microscopy exhibited great potentialities for advanced char-
acterization of ASDs, during drug product development. Additionally, confocal Raman microscopy
could be combined with complementary techniques that can evaluate surface properties, such as
optical profilometry or atomic force microscopy. Thus, physical and chemical properties of the
tablets could be assessed by a combined advanced characterization. The future perspective is to
implement and validate methods using confocal Raman microscopy for advanced characteriza-

tion and formulation screening during final product development.
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Appendix A — ASD Characterization

First, the ASD characterization was performed by calorimetric techniques, such as TGA to
evaluate the drying step efficacy and DSC to determine the glass transition temperature and also
to assess the amorphous form of the powder. Then, the particle size distribution was evaluated
by laser diffraction. Finally, XRPD analysis was performed to guarantee the amorphous form of
the SDD, and to confirm the result given by DSC analysis. All these results are presented in this

section.
TGA Analysis

For the drying step, the powder was distributed in two different trays. For this reason, the
powder of each tray was analyzed by TGA to assure the efficiency of the drying. The TGA results
for both the first and the second trays are presented in Figure 6.1 and Figure 6.2, respectively.
The results showed no weight losses in the heating ramp analyzed. Thus, the samples showed

no solvents content, demonstrating the efficacy of the drying step.

120 3
1 I [=.
@
1004 — . [ L2 2
| TT— [ =}
— | 1
£ 80+ \ L1 2
ol A\ 3
= / o
g0 — N Vo =
IS

40 T T T T T T _1

0 50 100 150 200 250 300 350

Temperature T (°C)

TA Instruments Trios V4.3.0.38388

Figure 6.1 - TGA for the first tray
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Figure 6.2 - TGA for the second tray
DSC Analysis

The DSC analysis was performed for both the determination of the glass transition temper-
ature (Tg) and the characterization of the powder solid state. The result displayed only one Tg at
83.25 °C, representative of the amorphous solid dispersion of Itraconazole and HPMCAS (40:60)

%(w/w), as previously found in literature [72].
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Figure 6.3 - ASD characterization by DSC

Particle Size Distribution

The ASD particle size was analyzed by laser diffraction within the range of 0.5 pm to 350
pm. The obtained central value of the distribution (Dv50) was 5.23 pum, the Dv10 and Dv90 were
1.21 and 16.58 um, respectively. This result showed a considerable span: 2.94, comparable with
the span obtained in a previous work [57]. The particle size of 5.23 pm corresponds to a value

within the common range for this formulation [57].
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Figure 6.4 - Particle Size Distribution by Laser Diffraction
XRPD Analysis

ASD characterization by XRPD analysis was performed to determine the SDD physical
form. The results showed that sharp peaks could not be observed, pointing to the amorphous
form (Figure 6.5) [73].
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Figure 6.5 — ASD characterization by XRPD
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